NK cells, in addition to possessing antitumor and antiviral activity, exhibit perforin-dependent microbicidal activity against the opportunistic pathogen Cryptococcus neoformans. However, the factors controlling this response, particularly whether the pathogen itself provides an activation or rearming signal, are largely unknown. The current studies were performed to determine whether exposure to this fungus alters subsequent NK cell anticryptococcal activity. NK cells lost perforin and mobilized lysosome-associated membrane protein 1 to the cell surface following incubation with the fungus, indicating that degranulation had occurred. Despite a reduced perforin content during killing, NK cells acquired an enhanced ability to kill C. neoformans, as demonstrated using auxotrophs that allowed independent assessment of the killing of two strains. De novo protein synthesis was required for optimal killing; however, there was no evidence that a soluble factor contributed to the enhanced anticryptococcal activity. Exposure of NK cells to C. neoformans caused the cells to rearm, as demonstrated by increased perforin mRNA levels and enhanced loss of perforin when transcription was blocked. Degranulation alone was insufficient to provide the activation signal as NK cells lost anticryptococcal activity following treatment with strontium chloride. However, NK cells regained the activity upon prolonged exposure to C. neoformans, which is consistent with activation by the microbe. The enhanced cytotoxicity did not extend to tumor killing since NK cells exposed to C. neoformans failed to kill NK-sensitive tumor targets (K562 cells). These studies demonstrate that there is contact-mediated microbe-specific rearming and activation of microbicidal activity that are necessary for optimal killing of C. neoformans.
Recently, it has become apparent that NK cells and their cytolytic products possess the ability to kill a vast array of microbes directly, including bacteria, parasites, and fungi (2, 22, 49, 53, 60) . In particular, NK cells exhibit direct microbicidal activity against Cryptococcus neoformans, a devastating opportunistic pathogen that infects immunocompromised individuals, including patients afflicted with human immunodeficiency virus and AIDS (31, 32, 37) . Remarkably, NK cells are able to kill this organism without prior exposure or the aid of accessory cells. Indeed, NK cells are important during the early immune responses to C. neoformans. Mice lacking functional NK cells have a reduced ability to control an infection compared to mice possessing functional NK cells (15) . Despite the importance of NK cells, little is known about the factors regulating NK cell anticryptococcal activity and, in particular, the effect of NK cell interactions with C. neoformans on subsequent NK cell activity.
Much of the work examining the mechanisms of NK cell anticryptococcal activity is based on observations made during NK cell tumor cytolysis. While there are similarities between NK cell antitumor and anticryptococcal activities, there are also substantial differences. In particular, at least some of the signaling molecules that NK cells require to elicit responses to these two targets are conserved. NK cells require phosphoinositol 3-kinase and extracellular signal-regulated kinase 1/2 phosphorylation for both tumor lysis and killing of C. neoformans (4, 6, 21, 58, 61, 62) . However, NK cells bind maximally to tumor targets after 20 min of exposure through formation of an intimate synapse involving LFA-1, and subsequent killing is detected 10 to 15 min following binding (43) . In contrast, NK cell contact with C. neoformans is not intimate but is characterized by NK cell microvilli penetrating the fungal capsule and binding to the underlying cell wall of the fungus. Maximal binding of NK cells to C. neoformans does not occur until after 2 h and is independent of LFA-1, and inhibition of fungal growth is not detectable until 4 h following maximal binding (14, 23, 43, 44, 46) . With these similarities and differences in mind, we wondered whether NK cell microbicidal activity with C. neoformans is influenced in response to C. neoformans as it is in response to other target types.
Exposure of NK cells to specific target cells has been shown to result in either enhancement or suppression of subsequent killing (19, 20) . Rat NK cells exposed to fixed tumor targets were "primed" to kill a second tumor target more efficiently than NK cells that were not previously exposed. This was a result of gamma interferon (IFN-␥) secretion and enhanced expression of perforin (8) . Parenthetically, NK cells produce cytokines, including IFN-␥, following exposure to C. neoformans that may have the ability to induce perforin transcription (33) . Notably, the perforin promoter region contains binding sites for cytokine signaling molecules, including signal transducer and activator of transcription 1␣ (STAT1␣), STAT3, and STAT5a/b (63) . Thus, multiple cytokines, including IFN-␥, interleukin-10 (IL-10), and IL-2, may have the ability to induce perforin transcription (29, 35, 55) . It follows that perforin expression is important during NK cell antitumor activity. NK cells kill tumor targets until their perforin stores are depleted. Only after subsequent IL-2 treatment, which is correlated with restored perforin expression, is NK cell antitumor activity restored (3) . Likewise, NK cell anticryptococcal activity is perforin dependent (37) . Therefore, it follows that enhanced perforin production may be induced by the release of immune modulatory cytokines following fungal exposure, enhancing subsequent anticryptococcal activity.
In contrast, NK cells can become inactivated and loose their cytotoxic function following exposure to tumor targets (19, 20) . Likewise, exposure to C. neoformans may be able to abrogate subsequent NK cell anticryptococcal activity. In this regard, C. neoformans can modulate immune responses by blocking phagocytosis, inducing lymphocyte apoptosis, and inducing immunosuppressive cytokine secretion (42, 54, 59) . Importantly, C. neoformans is able to skew the cytokine milieu to a Th2-type response (1) . This prolongs the survival of the fungus as a Th1 immune response is necessary for optimal host defense against the fungus (17) .
Alternatively, modulation of NK cell anticryptococcal activity may also be cytokine independent and thus a consequence of direct fungal contact. NK cells possess a wide variety of pattern recognition receptors. While the NK cell receptor responsible for recognition of C. neoformans remains elusive, it is possible that binding of C. neoformans to NK cells may directly influence subsequent anticryptococcal activity. It has been demonstrated that lipopolysaccharide activation of Toll-like receptor 4 can lead to increased perforin expression (50) . While this effect was demonstrated in CD4 ϩ T cells, it provides evidence of perforin regulation through pattern recognition receptor stimulation. However, whether the increased perforin expression was a result of cytokine release following activation of Toll-like receptor 4 by lipopolysaccharide is unknown. On the other hand, evidence of reduced NK cell activity following exposure to specific targets has been obtained, and this reduced activity is linked to loss of perforin, down-modulation of activating receptors, and inactivation of signaling pathways due to constant stimulation (3, 51) . Thus, NK cell binding to C. neoformans may induce a cytokine-independent signaling cascade resulting in perforin production, enhancing subsequent anticryptococcal activity, or it may result in NK cell exhaustion.
The objective of this study was to determine if exposure to C. neoformans regulates subsequent killing of this fungus. Specifically, the objective was to determine if NK cells are stimulated following fungal exposure, resulting in enhanced killing of C. neoformans and rearming of NK cells. In order to determine the effect of fungal exposure on NK cell anticryptococcal activity, we studied cryptococcal viability by examining the number of CFU and perforin expression at both the protein and transcript levels, and we determined if the effect was the result of a soluble mediator or direct fungal contact. If the mechanisms involved and the consequences of NK cell interactions with C. neoformans are understood, it may be possible to identify alternative therapeutic approaches for the treatment of the devastating infections caused by this fungus.
MATERIALS AND METHODS
Preparation of C. neoformans. C. neoformans strains B3501 (ϭ ATCC 34873; lightly encapsulated; serotype D), CAP67 (ϭ ATCC 52817; acapsular mutant of B3501), H99 (ϭ ATCC 208821; encapsulated; serotype A), and 145 (ϭ ATCC 62070; moderately encapsulated; serotype A) were all obtained from the American Type Culture Collection (Manassas, VA). Strain FOA-01-11-2 (ϭ Ura5; uracil-dependent mutant of B3501) was generously provided by J. Kwon-Chung (NIH, Bethesda, MD). All strains were maintained on Sabouraud's dextrose agar slants (Difco, Detroit, MI) and passaged on fresh slants every month, as previously described (40) .
Cells and cell lines. YT cells (human NK cell-like thymic leukemia cells) were a gift from C. Clayberger (Stanford University, Stanford, CA) and cultured in complete media containing RPMI 1640, 10% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids (all obtained from Invitrogen Life Technologies, Burlington, Canada).
Primary NK cells were isolated from peripheral blood mononuclear cells (PBMC) as previously described (41) . Briefly, peripheral blood was obtained by venipuncture from healthy volunteers. PBMC were isolated by centrifugation at 800 ϫ g for 30 min (Sorvall Legend RT; Sorvall Heraeus) over a Ficoll-Hypaque density gradient (Sigma-Aldrich, St. Louis, MO). PBMC were harvested and washed three times in Hanks balanced salt solution (Invitrogen Life Technologies). The NK cells were isolated from PBMC by using the MACS negative selection system of an AutoMACS cell sorter according to the manufacturer's protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). The NK cells were cultured in complete media as described above.
K562 cells were a gift from J. Deans (University of Calgary, Calgary, Canada) and were cultured in complete media as described above.
Anticryptococcal activity assays. The anticryptococcal activity was assessed by determination of the number of CFU as previously described (30, 31, 39) . In brief, C. neoformans cells (5 ϫ 10 3 cells/ml) were incubated with YT cells at an effector cell/target cell (E/T) ratio of 10:1 to 1,000:1 or with NK cells at an E/T ratio of 250:1 to 1,000:1 at the start of the assay to account for the 10-to 500-fold growth of the organisms during the course of the assay. The number of CFU of C. neoformans per well was determined at 0, 24, and 48 h by lysing the effector cells in water, followed by dilution and spotting onto Sabouraud's dextrose agar plates.
In some cases, NK cells were incubated with 25 mM strontium chloride (SrCl 2 ) (Sigma-Aldrich) to assess the effect of degranulation and reduced perforin expression on NK cell killing of C. neoformans. NK cells were treated with SrCl 2 for 48 h, washed three times with complete media, added to C. neoformans cells, and incubated for an additional 24 and 48 h in order to assess killing. The viability of NK cells was not altered by treatment with SrCl 2 , as determined by trypan blue exclusion. In addition, NK cell perforin levels were determined from 24 to 96 h following incubation in the presence of SrCl 2 , as described below.
In other experiments, NK or YT cells were cultured in media containing 10 g/ml brefeldin A (BFA) (Sigma-Aldrich) or the equivalent volume of ethanol as a solvent control for 24 h. The NK cells were washed three times with complete media and incubated with C. neoformans for an additional 24 and 48 h in the presence of 0.5 g/ml BFA or ethanol.
To determine if a soluble factor that can enhance subsequent NK anticryptococcal activity is released from NK cells during fungal contact, a polyethylene terephthalate cell culture insert (BD Biosciences, Mississauga, Canada) was placed into the wells of 24-well culture plates. The wells of the plate then had two chambers that were separated by a membrane with a pore size of 1.0 m, which allowed soluble factors to move between the chambers while the cells in each chamber were separated. NK cells were placed in the lower chambers, and the upper chambers were inoculated with NK cells, C. neoformans cells, or both types of cells at an E/T ratio of 1:10. The plates were then cultured for 48 h, and then the NK cells from the bottom chamber were harvested and their anticryptococcal activity was assessed.
Finally, NK cells were preincubated with the Ura5 strain of C. neoformans for 48 h at an E/T ratio of 1:10. The majority of the Ura5 cells were removed (there was a 100-fold reduction) by Ficoll-Hypaque density gradient centrifugation for 30 min at 300 ϫ g, and the NK cells were harvested. The NK cells were then incubated with CAP67, and killing of CAP67 was assessed by lysing the NK cells and spotting them on minimal yeast agar plates without uracil containing yeast nitrogen base without amino acids (Sigma-Aldrich), D For some experiments NK cells were preincubated with 1 g/ml actinomycin D (Sigma-Aldrich) for 1 h and then incubated with C. neoformans for an additional 24 h before perforin labeling was assessed. The actinomycin D remained in the media for the duration of the experiment. The viability of NK cells was not altered, as determined by trypan blue exclusion.
LAMP-1 immunofluorescence microscopy. NK cells were incubated with C. neoformans strain CAP67 at an E/T ratio of 1:10 in the presence of an antilysosome-associated membrane protein 1 (LAMP-1)-FITC antibody (BD Biosciences). After 1 h of incubation, l l Golgi-Stop containing monensin used according to the manufacturer's directions (BD Biosciences) was added and incubated for an additional 48 h in the presence of 5% CO 2 at 37°C in a flat-bottom 96-well plate (Corning Life Sciences, New York, NY). After incubation, 10 l of the sample was removed and placed on a chamber slide (LabTek; Thermo Fisher Scientific, Rochester, NY). The slide was then dried in the dark at room temperature overnight, and the chambers were removed. Cells were treated with 10 l Prolong Gold antifade reagent (Invitrogen Life Sciences) and allowed to cure for 2 h at 4°C.
Immunofluorescence microscopy was performed with an Olympus IX70 microscope equipped with digital convolution (DeltaVision; Applied Precision). Fluorescence images were recorded with objective magnification of ϫ60 using phycoerythrin-Cy5 and FITC filter sets. Images of cells were also obtained by using transmitted light. Image analysis (Softworks software) was used to perform full iterative or nearest-neighbor deconvolution, and the images are single zsection images. NK cells were considered positive for LAMP-1 if there was at least a threefold difference between the minimum and the maximum.
Quantitative real-time PCR. NK cells were incubated with C. neoformans, IL-10, or IL-2 plus IL-12 for 24 h (all interleukins were obtained from eBioscience, San Diego, CA). The NK cells were lysed, and the RNA was isolated using a Qiagen RNeasy minikit according to the manufacturer's protocol (Qiagen, Mississauga, Canada). The Improm-II reverse transcription system was then utilized to convert the RNA to cDNA according to the manufacturer's directions (Promega, Madison, WI).
Real-time PCR analyses were performed with an ABI Prism 7000 using the ABI Prism 7000 SDS software (Applied Biosystems, Foster City, CA). Perforin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe-primer sets were obtained and used according to the manufacturer's instructions (Applied Biosystems). In brief, a master mixture containing 1.25 l of the probe primer mixture, 12.5 l TaqMan universal PCR master mixture (Applied Biosystems), and 6.25 l DNase-and RNase-free water (Invitrogen Life Sciences) was prepared. The master mixture was then added to 5 l of cDNA, and the cDNA was amplified by heating the mixture to 50°C for 2 min, followed by 10 min of incubation at 95°C and then 40 cycles of 95°C for 15 s and 60°C for 1 min. The perforin probe contained the 6-carboxyfluorescein and 6-carboxytetramethylrhodamine reporter and quencher dyes, while the GAPDH probe was labeled with VIC fluorochrome (Applied Biosystems, Foster City, CA) and a minor groove binder. PCR efficiency was confirmed for all genes.
Tumor cytotoxicity. NK cells were either preincubated with C. neoformans for 48 h at an E/T ratio of 1:10 or cultured in media alone. The number of yeast cells was then reduced 100-fold by Ficoll-Hypaque density gradient centrifugation, and the NK cells were incubated with K562 cells for 4 h. The antitumor activity of NK cells was measured by using a Guava CellToxicity kit according to the manufacturer's protocol (Guava Technologies). In brief, K562 cells were counted and labeled in 1 ml phosphate-buffered saline at 37°C in the presence of 5% CO 2 for 15 min using 2.5 g/ml (final concentration) carboxyfluorescein succinimidyl ester (CFSE) (CellToxicity kit; Guava Technologies). The cells were washed three times with phosphate-buffered saline, transferred to complete media, and incubated for 30 min at 37°C in the presence of 5% CO 2 before the CFSElabeled K562 cells were added to NK cells in a 96-well, round-bottom plate. The plate was centrifuged at 50 ϫ g for 2 min and incubated for 4 h at 37°C in the presence of 5% CO 2 . After 4 h of incubation, 40 l 7 amino-actinomycin D (7-AAD) (CellToxicity kit; Guava Technologies) was added to each well and incubated for 10 min in the dark. The membrane permeability of the cells was then analyzed by assessing the uptake of 7-AAD using Guava EasyCyte.
Statistics. Values are expressed below as means Ϯ standard errors of the means for quadruplicate samples. Experiments were performed using different donors on different days. The Student t test with a Bonferroni correction was used to determine statistical significance in pairwise comparisons, and a P value of Ͻ0.05 was considered statistically significant.
RESULTS
Exposure to C. neoformans induces an initial decrease in the perforin content and results in mobilization of LAMP-1 to the cell surface of primary NK cells. To determine whether there is a loss of perforin expression in response to C. neoformans, primary NK cells were incubated with various strains of C. neoformans, including strains CAP67 (an acapsular mutant), B3501 (serotype D and the parent of CAP67), 145 (serotype A), and H99 (serotype A). The NK cells were incubated with the strains of C. neoformans for 24 h (Fig. 1A ) and 48 h (Fig.  1B) . Regardless of the strain utilized, there was a decrease in intracellular perforin labeling compared to that in NK cells incubated in media alone. The decrease in the perforin content was observed at 24 h and was sustained after 48 h in the presence of the fungus.
The most likely explanation for the loss of perforin in the presence of C. neoformans is release of perforin stores via degranulation. To determine if NK cells degranulated in response to fungal stimulation, NK cells were exposed to C. neoformans strain CAP67 for 48 h in the presence of an anti-LAMP-1-FITC antibody. When granules fuse with the extracellular membrane in the degranulation process, LAMP-1 is exposed on the surface of a NK cell, allowing an anti-LAMP-1 antibody to bind. The antibody then becomes internalized as the organelle is recycled, and monensin prevents quenching of the fluorophore in the acidic compartments. Thus, the presence of fluorescence suggests that degranulation of NK cells has occurred. NK cells that had been exposed to C. neoformans were compared to cells that had not been exposed to this organism. The anti-LAMP-1 antibody was bound by NK cells after incubation with C. neoformans (Fig. 1H) , while it was not bound by NK cells that had not been incubated with C. neoformans (Fig. 1F) , indicating that LAMP-1 had been expressed on the cell surface and that the cells had undergone degranulation. As a positive control, NK cells were made permeable and labeled with anti-LAMP-1, which labeled intracellular LAMP-1 (Fig. 1G) . Additionally, NK cells that were incubated with an isotype control antibody either alone (Fig. 1C) , after they were made permeable (Fig. 1D ), or while they were being incubated with C. neoformans (Fig. 1E) did not exhibit fluorescence and served as negative controls.
Preincubating primary NK cells with C. neoformans enhances anticryptococcal activity. NK cells can serially kill multiple tumor targets; however, this process eventually results in exhaustion and diminished antitumor activity. The reduced antitumor activity is accompanied by a reduction in perforin labeling (3) . To determine if the original reduction in NK cell perforin labeling was accompanied by a decrease in anticryptococcal activity, a cryptococcal auxotroph was employed. This enabled us to stimulate the NK cells and assess the killing of a second strain without having to completely remove the stimulating strain. We first needed to demonstrate that the uracil-dependent auxotroph of C. neoformans (Ura5) was a susceptible target. We accomplished this by analyzing the numbers of Ura5 CFU in the presence of increasing numbers of cells of an NK cell line (YT cells). As expected, YT cells displayed significant anticryptococcal activity against Ura5 with increasing E/T ratios ( Fig. 2A) . Under the same conditions, primary NK cells respond to Ura5, causing a reduction in NK cell perforin labeling (data not shown).
To determine if NK cells display enhanced or reduced fungal killing following exposure to C. neoformans, NK cells were incubated with Ura5 before they were incubated with the uracil-independent strain CAP67. This allowed us to assess the NK cell killing of CAP67 cells at various times following killing of cells of the primary Ura5 strain. Primary NK cells were incubated with Ura5 for 48 h at an E/T ratio of 1:10 in order to ensure maximal NK cell stimulation. The majority of Ura5 cells were then removed by Ficoll-Hypaque density gradient centrifugation (the numbers of Ura5 cells were reduced 100-fold). Subsequently, CAP67 was added at an E/T ratio of 500:1 and incubated for another 24 and 48 h. Surprisingly, despite the high numbers of Ura5 organisms, which ought to have depleted the anticryptococcal activity, the NK cells remained microbicidal for cryptococci at 24 h (Fig. 2B) . Furthermore, the activity with the uracil-independent strain increased after 48 h (Fig. 2C) , indicating that there was significant activation and potentiation of the microbicidal activity in response to the pathogen. It is important to note that no cytokines were added to the media to stimulate the NK cells.
NK cell anticryptococcal activity requires a functional Golgi apparatus. We were interested in determining the process responsible for the enhanced killing. To determine whether de novo proteins were required for NK cell anticryptococcal ac- tivity, NK cells were treated with BFA before incubation with C. neoformans. BFA is a fungal metabolite that disrupts the Golgi complex, effectively trapping new proteins in the endoplasmic reticulum (ER) and preventing the proteins from being secreted. Importantly, BFA does not affect the release of preformed NK cell granules, allowing the release of perforin stores (18) . Thus, BFA allows the initial round of killing but prevents cytokine release and/or rearming of effector molecules. Here, we demonstrated that YT cell anticryptococcal activity was reduced at 48 h following treatment with BFA (Fig.  3A) . Likewise, NK cells displayed reduced anticryptococcal activity after preincubation with BFA at both 24 and 48 h (Fig.  3B and C) . Neither the viability of the YT cells nor the viability of the NK cells was affected by BFA, as determined by trypan blue exclusion. This suggests that de novo-synthesized proteins are required for NK cell anticryptococcal activity. Fungal contact, not a cytokine, enhances NK cell anticryptococcal activity. NK cells have the capacity to regulate their own activity by releasing immunity-modulating cytokines into the environment. Specifically, C. neoformans can induce the expression of cytokines in NK cells, including IFN-␥ (33). To determine if a soluble factor, such as a cytokine, was released after fungal contact, resulting in enhanced NK cell anticryptococcal activity, NK cells were placed in the bottom chamber of a well separated from the top of the well by a polyethylene terephthalate membrane having 1.0-m pores. Either NK cells alone, CAP67 cells alone, or both NK cells and CAP67 cells at an E/T ratio of 1:10 were placed in the upper chamber. This system allowed soluble factors to diffuse across the membrane and stimulate the NK cells in the bottom of the well, while preventing the NK cells and/or C. neoformans cells in the upper chamber from making contact with the cells in the lower chamber. Two E/T ratios were used, a lower ratio that allowed us to observe low levels of activity in a setting where activity is not normally present and a higher ratio that allowed us to observe augmented NK cell activity under these conditions. At the lower E/T ratio, at which unstimulated anticryptococcal activity was not observed, there was no evidence that a soluble factor initiated killing. Additionally, at the higher E/T ratio, at which anticryptococcal activity was observed, there was no evidence that killing was enhanced (Fig. 4) . Moreover, when only C. neoformans was in the top chamber, not only did NK cells in the bottom chamber fail to exhibit increased anticryptococcal activity, but also they showed reduced anticryptococcal activity compared to the wells with NK cells alone in the top chamber. This suggests that C. neoformans released soluble factors that were able to cross the membrane to inhibit NK cell anticryptococcal activity (Fig. 4) . This suggests that secretion of a soluble factor, such as a cytokine, is not responsible for the observed enhancement of NK cell anticryptococcal activity. Therefore, the enhanced anticryptococcal activity is most consistent with a mechanism whereby direct contact with the organism causes activation.
NK cells increase perforin transcription following fungal contact. After establishing that NK cells kill in a perforindependent manner (37) , that de novo-synthesized proteins are required for optimal killing, and that enhanced killing occurs independent of release of a soluble mediator, such as a cytokine, we hypothesized that NK cells rearmed perforin in response to fungal exposure in order to augment their anticryptococcal activity. In order to determine whether perforin is transcribed in NK cells following fungal contact, real-time PCR was performed. Two strains of fungi, strains CAP67 and B3501, were incubated with NK cells for 24 h. The perforin mRNA levels in NK cells exposed to C. neoformans were compared to the levels in NK cells in media alone (negative control), in NK cells stimulated with IL-10 (negative control), and in NK cells stimulated with IL-2 plus IL-12 (positive control), a combination that is well documented to enhance perforin production (9) . Media alone and stimulation with IL-10 had no effect on NK cell perforin mRNA levels, as expected (Fig. 5 ). In contrast, there was a fivefold increase in NK cell perforin levels following stimulation with IL-2 plus IL-12 ( Fig.  5) . Surprisingly, the perforin mRNA levels increased 25-to 35-fold following incubation with C. neoformans (Fig. 5) ; thus, the stimulation by this treatment was far greater than the stimulation by IL-2 plus IL-12, demonstrating that C. neoformans is a potent inducer of perforin transcription. NK cell perforin labeling is reduced in the presence of the transcriptional inhibitor actinomycin D. To determine if newly transcribed perforin contributes to perforin protein levels during fungal exposure, an inhibitor of transcription, actinomycin D, was used. If perforin were translated during contact with C. neoformans, we would expect greater loss of perforin labeling in the presence of the inhibitor than in its absence. NK cells were preincubated with actinomycin D at a concentration of 1 g/ml. After 1 h, CAP67 was added to the (Fig. 6A) . NK cells pretreated with actinomycin D during cryptococcal killing displayed lower levels of perforin labeling than NK cells incubated with C. neoformans in complete media lacking actinomycin D (Fig. 6B) . Using the Flowjo population comparison software, these populations were determined to be statistically distinct with a confidence interval greater than 99.9% using the Kolmolgorov-Smirnov test. A subtraction plot for Fig. 6B is shown in Fig. 6C . The viability of the NK cells following 24 h of incubation with actinomycin D was greater than 90%. These results suggest that newly transcribed perforin is used to rearm the perforin stores of NK cells during anticryptococcal activity. Strontium chloride treatment depletes perforin and abrogates NK cell anticryptococcal activity, but the anticryptococcal activity of NK cells can be restored by subsequent exposure to fungi. The data described above indicate that enhanced NK cell anticryptococcal activity correlates with de novo perforin production. However, it was not clear if the augmented killing was due to a direct signaling pathway induced by C. neoformans independent of degranulation or if it was simply due to direct association of the signaling involved in degranulation. To determine if NK cell degranulation can provide the signal to subsequently enhance NK cell anticryptococcal activity, 25 mM SrCl 2 was used to induce general NK cell degranulation. In the presence of SrCl 2 , NK cell perforin labeling was significantly reduced after 48, 72 , and 96 h compared to the labeling in NK cells incubated in media alone (Fig. 7A) . Degranulation following treatment with SrCl 2 was confirmed by LAMP-1 labeling (data not shown).
To determine the effect of degranulation on NK cell anticryptococcal activity, NK cells were treated with SrCl 2 for 48 h. The NK cells were then washed and incubated with CAP67 to observe the effect on NK cell anticryptococcal activity at both 24 and 48 h. NK cells exhibited reduced anticryptococcal activity at 24 h, so the growth of C. neoformans was similar to, or even greater than, the growth in the presence of untreated NK cells (Fig. 7B ), which correlated with reduced perforin labeling due to SrCl 2 treatment (Fig. 7A) . Thus, NK cells were unable to rearm and maintain anticryptococcal activity in response to degranulation. However, incubation of NK cells with CAP67 for 48 h following SrCl 2 treatment resulted in restoration of NK cell anticryptococcal activity (Fig. 7C) . These data suggest that the degranulation process alone is not sufficient to initiate the signaling that leads to the enhanced anticryptococcal activity and that C. neoformans is required to stimulate NK cell rearming.
Preincubation of NK cells with C. neoformans reduces subsequent NK cell antitumor activity. NK cells utilize perforin to kill many different types of target cells in addition to C. neoformans. One such target is the NK cell-sensitive tumor cell line K562 (16) . We wondered whether the processes that lead to increased anticryptocococcal activity also augment tumor cell killing. Since CAP67 induces the greatest increase in the perforin mRNA level (Fig. 5) , NK cells were preincubated with CAP67 for 48 h at an E/T ratio of 1:10. After 48 h, the cells were subjected to Ficoll-Hypaque density gradient centrifugation, which removed most of the CAP67 (there was a 100-fold reduction). The NK cells were then incubated with K562 cells labeled with CFSE to distinguish them from NK cells for an additional 4 h. Tumor killing by NK cells previously exposed to C. neoformans was compared to killing by NK cells in media alone. NK cells in media alone were able to kill K562 cells very efficiently, and over 90% of the target cells were positive for the membrane-permeable viability stain 7-AAD (Fig. 8) . In contrast, NK cells that were preincubated with C. neoformans for 48 h had a drastically reduced capacity to kill K562 tumor target cells (25% of the target cells were positive for 7-AAD). This demonstrates that incubation of NK cells with C. neoformans augments subsequent killing of C. neoformans but does not enhance tumor killing. These data suggest that additional, microbe-specific mechanisms are employed in conjunction with de novo perforin production to enhance NK cell anticryptococcal activity.
DISCUSSION
In these investigations, we made the following observations. (i) NK cells incubated with C. neoformans degranulate and loose perforin. However, despite degranulation, they exhibit enhanced anticryptococcal activity following exposure to C. neoformans. (ii) New proteins that traffic through the ER to the Golgi apparatus are required for the enhanced NK cell anticryptococcal activity. However, we were unable to demonstrate a role for the release of soluble proteins (such as cytokines) that can enhance the anticryptococcal activity, suggesting that cell contact provides the dominant signal. Previous studies demonstrated that NK cells kill C. neoformans in a perforin-dependent manner (37) . In this study we were interested in determining if, in addition to killing C. neoformans in a perforin-dependent manner, NK cells were FIG. 7 . NK cells lost the ability to kill C. neoformans after strontium chloride treatment, but the ability to kill was restored after subsequent exposure to the fungus. (A) NK cells were incubated with SrCl 2 or media alone for 0 to 96 h and then labeled for perforin expression with an anti-perforin-FITC antibody. The MFI was determined at various times. (B and C) Primary NK cells were preincubated with SrCl 2 or in media alone for 48 h, the SrCl 2 was removed, CAP67 was added, and the preparation was incubated for another 24 h (B) or 48 h (C) before the number of CFU was determined. The results are representative of the results of two to six experiments in which similar results were obtained. Tϭ0, zero time; C. alone, incubation of C. neoformans in the absence of NK cells. * , P Ͻ 0.05 compared to media alone; ** , P Ͻ 0.01 compared to media alone. (34) . Therefore, we hypothesized that like antitumor activity, diminished NK cell perforin levels result in decreased NK cell anticryptococcal activity. Surprisingly, preincubation of NK cells with live C. neoformans had the opposite effect, enhancing subsequent anticryptococcal activity.
While this is the first time that enhanced NK cell killing has been observed with a microbial target, NK cells have previously exhibited priming for tumor cell targets. After preincubation of NK cells with a fixed tumor target, the cells were able to kill a second tumor target more efficiently than if they had not been preincubated. This enhancement was dependent on both secretion of IFN-␥ and increased perforin production (8) . We were therefore interested in determining if de novo protein production in general was important for the enhanced anticryptococcal activity. Both newly formed cytokines and perforin traffic through the ER to the Golgi apparatus before they are packaged into the appropriate vesicle for secretion. Therefore, experiments were performed to determine if de novo protein trafficking from the ER to the Golgi apparatus was necessary for NK cell anticryptococcal activity. To answer this question, we used BFA, a fungal metabolite that prevents the release of newly formed proteins by disrupting the Golgi apparatus, trapping proteins in the ER without inhibiting the release of preformed granules (18) . We demonstrated that BFA reduced the anticryptococcal activity of NK cells, suggesting that NK cells require new protein trafficking through the ER for optimal anticryptococcal activity.
To assist in identifying the de novo proteins required for enhanced NK cell anticryptococcal activity, we were interested in determining whether the proteins were soluble, acting in an autocrine or paracrine fashion to augment NK cell anticryptococcal activity. NK cells have the ability to release many different cytokines, including IL-10, IFN-␥, granulocyte-macrophage colony-stimulating factor, tumor necrosis factor alpha, and IL-13, following target recognition (7, 36, 45) . We were unable to obtain evidence that the factors responsible for the enhanced NK cell anticryptococcal activity were soluble, as supernatants from NK cells incubated with C. neoformans did not increase the activity of other NK cells. Thus, in contrast to the previous studies assessing antitumor activity, enhanced anticryptococcal activity was not dependent on secretion of a soluble factor, suggesting that the mechanism for enhanced anticryptococcal activity is a direct result of contact of the NK cells with C. neoformans.
Since NK cells are critically dependent on perforin to kill C. neoformans, we wanted to determine if the enhanced killing may be explained by increased perforin production following exposure to C. neoformans. We were surprised by the remarkable extent to which perforin mRNA levels increased in NK cells when they were stimulated by C. neoformans. In fact, the amount of perforin produced in response to C. neoformans was much greater than the amount produced in response to the well-established stimulation with IL-2 plus IL-12. In addition, the significance of new perforin mRNA production was evident, as actinomycin D-treated NK cells displayed a greater reduction in the perforin content in the presence of C. neoformans than untreated cells displayed. Overall, these data demonstrate that new perforin transcription restores the NK cell perforin pool during concurrent release in response to the fungus. Thus, the balance between de novo perforin production and perforin degranulation provides an explanation for the slow and modest reduction in perforin levels observed during cryptococcal killing. Additionally, we speculate that the source of the rearming signal is localized to the fungal cell wall. While the encapsulated strain B3501 was able to induce perforin transcription, the acapsular strain CAP67 induced greater perforin transcription. By sequestering the cell wall, the capsule may limit exposure of the NK cells to the rearming signal, resulting in reduced induction of perforin transcription by encapsulated fungal strains.
As exposure of NK cells to both C. neoformans and tumor targets enhances subsequent NK cell activity (albeit by different mechanisms), we were interested in knowing whether the process of degranulation itself could trigger enhanced NK cell anticryptococcal activity. To determine if the effect was due to degranulation, NK cells were treated with SrCl 2 , a chemical that induces degranulation of NK cells (47) . After degranulation using SrCl 2 there was a drastic reduction in the perforin content and a corresponding reduction in NK cell anticryptococcal activity at 24 h. However, in the presence of C. neoformans over the subsequent 48 h, NK cells recovered their anticryptococcal activity, suggesting that C. neoformans is required to activate the pathway involved in enhanced killing of the fungus. We acknowledge the possibility that NK cells spontaneously rearm following the removal of SrCl 2 ; however, it is likely that C. neoformans increased the rate of rearming. NK cells induced to degranulate with C. neoformans possessed observable anticryptococcal activity 24 h after addition of the target fungus, while NK cells treated with SrCl 2 did not. This indicates that there is a mechanism whereby C. neoformans induces perforin production along with degranulation, while SrCl 2 induces only degranulation and the NK cells must rearm in order to have subsequent cytotoxic activity. This suggests that degranulation is not sufficient to enhance NK cell anticryptococcal activity and that C. neoformans provides an additional signal to maintain the ability to kill the fungus.
Perforin not only is utilized by NK cells to kill C. neoformans but also is employed to kill multiple types of targets. These targets include tumor targets, such as K562 cells (12, 28, 37) . Due to our observation that perforin mRNA levels increased after fungal contact, we hypothesized that NK cells may also acquire enhanced tumor cytolytic activity following exposure to C. neoformans. We were disappointed to see not only that NK cells failed to show enhanced antitumor activity but also that the NK cell antitumor activity was significantly impaired. Interestingly, these data suggest that restoring the level of perforin alone is not sufficient to enhance anticryptococcal activity and that additional, C. neoformans-specific mechanisms must be involved. These data, along with the results of experiments using SrCl 2 , indicate that the specific NK cell interaction with C. neoformans is required to elicit enhanced anticryptococcal activity. We therefore speculate that C. neoformans interacts through recruitment of a fungus-specific receptor to the synapse, leading to receptor clustering, enhanced fungal recognition, and an increased rate of NK cell signaling and finally resulting in enhanced fungal killing. Consequently, the fungusspecific receptors may utilize receptor components essential for tumor recognition, making them unavailable for tumorspecific killing. Alternatively, it is possible that the localization of fungus-specific receptors to the microbial synapse excludes the tumor-specific receptors. The localization of one receptor to a ligation site can exclude other receptors. For example, ligation of the inhibitory CD94/NKG2A receptor complex excludes lipid rafts and consequently lipid raft-associated receptors from a synapse (52). Additionally, it is possible that the interaction with C. neoformans induces the ligand, resulting in enhanced fungal binding. Alternatively, while restoring perforin may be sufficient to maintain fungal killing, additional cytolytic molecules may have to be restored to maintain tumor killing. Perforin colocalizes with other cytolytic molecules in their lytic granules, including granzymes (26, 48, 56) . Besides inducing lysis of target cells directly, perforin also aids entry of granzymes into the cell, resulting in apoptosis (5, 11, 24, 25, 38) . Therefore, the initial loss of cytolytic effector molecules, accompanied by a selective rearming of perforin without rearming of other cytolytic effectors, may be insufficient for tumor killing.
The specificity of the NK cell activation and rearming may also have implications for knowledge translation to clinical practice. The data resulted in a prediction that microbicidal immunopotentiation in response to microbes is more potent than cytokine therapy as cytokines should not increase cytolytic molecule expression to the same extent as direct fungal contact. Additionally, the current results predict that NK cells directed toward an infection lose their capacity for host defense against tumors and predispose the host to tumor development. In this regard, it is interesting that infection can be a risk factor for tumor development (10, 13, 27, 57) .
In conclusion, we have identified microbe-specific activation of NK cell microbicidal activity that is necessary for enhanced killing of C. neoformans. A critical element of this process is the rearming of perforin stores.
